ABSTRACT: A Monitoring-PAM fluorometer with high temporal resolution (every 5 min) was used to assess the effects on photosynthesis in Ulva rigida (Chlorophyta) during exposure to 2 different CO 2 conditions: current ('LC', 390 ppm), and the predicted level for the year 2100 ('HC', 700 ppm) in a crossed combination with 2 different daily pulsed nitrate concentrations ('LN', 5 µM and 'HN', 50 µM) and 2 temperature regimes (ambient and ambient + 4°C). Effective quantum yield (ΔF/F m ') in the afternoon was lower under HCLN conditions than under the other treatments. The decrease in ΔF/F m ' from noon to the afternoon was significantly lower under + 4°C compared to ambient temperature. Maximal quantum yield (F v /F m ) decreased during the night with a transient increase 1 to 3 h after sunset, whereas a transient increase in ΔF/F m ' was observed after sunrise. These transient increases have been related to activation/deactivation of the electron transport rate and the relaxation of non-photochemical quenching. Relative electron transport rate was higher under the LC and + 4°C treatment, but the differences were not significant due to high variability in daily irradiances. Redundancy analysis on the data matrix for the light periods indicates that photosynthetically active radiation through the day is the main variable determining the physiological responses. The effects of nutrient levels (mainly carbon) and experimental increase of temperature were low but significant. During the night, the effect of nutrient availability is of special importance with an opposite effect of nitrogen compared to carbon increase. The application of the Monitoring-PAM to evaluate the effects of environmental conditions by simulating climate change variations under outdoor-controlled, semi-controlled conditions is discussed.
INTRODUCTION
A significant fraction of the anthropogenicallyproduced CO 2 released into the atmosphere has been taken up by the oceans since the last century, causing various impacts on photosynthetic activity (Riebesell et al. 2007 , Doney et al. 2009 , Raven 2011 . Continuous dissolution of CO 2 from the atmosphere into the oceans has led to an increase in ocean surface acidification by 0.1 pH unit (corresponding to a 30% increase of H + ) since 1800. In addition, atmospheric CO 2 levels are expected to rise under the 'business-as-usual' CO 2 emission scenario (Brewer 1997) , which could result in further ocean acidification (OA) by 0.3 to 0.4 units (about a 100 to 150% increase of H + ) by 2100 (Caldeira & Wickett 2003) . The awareness of the magnitude of these changes at a global level has led to a recent surge in research efforts to increase our understanding of OA impacts not only on ocean chemistry (Pelejero et al. 2011 ), but also on biology (Roleda & Hurd 2012) .
Studies on the ecological and physiological impacts of elevated CO 2 concentrations in macroalgae were initiated in the early 1990s (Gao et al. 1993) . Since then, investigations that mainly focused on isolated impacts of CO 2 levels have revealed mixed, and at times contradicting responses, depending on the species examined and the culture conditions applied (Hurd et al. 2009 ). Therefore, an analysis of the responses of different algal groups to OA can be expected to be complex, due to the interactive effects of pH and CO 2 on different physiological processes (Mercado 2008) . Calcifying algae, which seem to be particularly sensitive to reduced water pH, have been the focus of several studies (Martin & Gattuso 2009 , Russell & Connell 2012 . By contrast, noncalcareous species have received much less attention, resulting in a significant gap in our knowledge despite the likely accumulative effects (Harley et al. 2012) .
In this study, we analyzed the effects of C, N and temperature treatments on photosynthetic activity. In vivo chlorophyll fluorescence has been extensively applied in macroalgal eco-physiology to estimate photosynthetic efficiency and capacity (Schreiber & Bilger 1993 , Figueroa et al. 1997 , Beer et al. 2000 , Nitschke et al. 2012 . Effective quantum yield (ΔF/F m ') is used as an indicator of acclimation of photosystem II (PSII), whereas the maximal quantum yield (F v /F m ) is used as an indicator of photoinhibition, and the electron transport rate (ETR) as a proxy of photosynthetic capacity or productivity (Figueroa et al. 2013) . Recently, a new chlorophyll fluorometer, commercially known as Monitoring-PAM (Walz), has been designed for autonomous, long-term monitoring of chlorophyll fluorescence under field conditions. The monitoring of photosynthetic yields of aquatic species over full daily cycles in situ with a high temporal resolution has been achieved in ice algal communities by using a Monitoring-PAM (McMinn et al. 2003) , or by using a submersible fluorometer (Aquation) in tropical seagrasses such as Halophila stipulacea (Runcie et al. 2009 ). Similarly, a Monitoring-PAM has previously been applied to vascular species in the Arctic (Barták et al. 2012) , and a Monitoring-PAM data acquisition systems (Moni-DA, Gademann Instruments) to natural soil crusts in deserts dominated by lichens and cyanobacteria (Raggio et al. 2014 ). In addition, high-resolution chlorophyll fluorescence has been monitored in mesocosms in the microalgae Chlorella fusca growing in thin-layer cascades by using a Junior-PAM fluorometer (Figueroa et al. 2013) .
The Monitoring-PAM fluorometer allows the determination of ΔF/F m ' and irradiance at a high temporal resolution scale (minutes) within experimental mesocosms (as a non-intrusive approach). On the other hand, the monitoring of maximal fluorescence (F m ') and F t (actual fluorescence in actinic light prior to applying the saturation pulse) can provide information on photo-physiological acclimation. An increase of F t with increasing irradiance is related to inactivation of PSII: i.e. closure of the PSII reaction center, reduction of the electron sink and a decrease of CO 2 fixation (Ralph & Gademann 2005) . In addition, photosynthetic yield can also be monitored during the night, adding information to this poorly-understood part of the daily cycle.
Within the framework of the 9th International Workshop on Aquatic Primary Productivity (GAP) hosted by the University of Malaga (southern Spain), we used outdoor mesocosms (for a detailed description see Stengel et al. 2014, this Theme Section) , to analyse the effects of current p CO 2 (LC, 380 ppm) and the concentration predicted for the year 2100 (HC, 700 ppm) (Orr et al. 2005 , Meehl et al. 2007 ) in a crossed combination with 2 daily pulsed nitrate concentrations: 5 µM (LN) and 50 µM (HN). The LN level of nitrate is near the high end of the natural range of concentrations in the local area at the time of the year when the experiment was conducted (Ramírez et al. 2005) ; thus, the LCLN treatment can be considered a control, as it was closest to the natural conditions. Additionally, the effects of a shortterm temperature increase (+ 4°C) on photosynthetic activity in Ulva rigida (Chlorophyta) were assessed. Using a Monitoring-PAM fluorometer, this study aimed to analyse the high-resolution photosynthetic re sponses (chlorophyll fluorescence) of U. rigida to carbon, nitrogen and temperature as described above, and detailed in Stengel et al. (2014) . To our knowledge, this is the first time that this equipment was utilized to continuously monitor macroalgal photosynthetic performance.
MATERIALS AND METHODS

Species and experimental design
Samples of Ulva rigida C. Agardh (Chlorophyta) were collected in La Araña (36°45' N, 4°18' W) at the coast of Malaga (Alboran Sea, southern Iberian Peninsula) on 9 September 2012. Samples were transported in a cool box to the laboratory and maintained under LCLN conditions (after removing any visible epibiota) for an acclimation period of 5 d (until 14 September). Subsequently, the experimental conditions of the different treatments (i.e. LCLN, HCLN, LCHN, HCHN) under ambient temperature (19°C) were established and algae were allowed to grow for a period of 6 d (from 15 to 20 September) before the temperature was raised by 4°C for 3 additional days (from 21 to 23 September). Details of the experimental design, as well as the monitoring of environmental parameters throughout the experiment are de scribed in Stengel et al. (2014) . Each sample holder was positioned in the treatment vessels (one head per treatment) (Fig. 1A) , which contained other U. rigida thalli used for different measurements and analyses (Figueroa et al. 2014 , this Theme Section, Stengel et al. 2014 . Although the sample holder was positioned very close to the water surface, other floating Ulva thalli could not be prevented from passing over the sensor, causing some temporal shading. In order to solve this problem, the sample holder was isolated from the rest of the algae in the vessels by means of a small, open plastic mesh cage, which allowed the continuous ex change of water but prevented potential shading by other thalli (Fig. 1B) . A piece of U. rigida sheet was fixed to the sample clip, which was mounted at a distance of 25 mm from the Moni-head/485 optical window (Fig.  1B) , forming an angle of 45° between the holder and the sample. This position reduced shade areas in the sample and allowed for correct determination of ΔF/F m ' as described in the procedure of other PAM fluorometers (Schreiber & Bilger 1993) .
In this study, we present the data from the evenings of 18 to 20 September (ambient temperature treatment) and 21 to 22 September (+ 4°C treatment). The temperature was increased between 19:00 and 20:00 h GMT (21:00 to 22:00 h local time). In this paper, the time is presented as GMT (i.e. 2 h earlier than local time).
In vivo chlorophyll a fluorescence
Measurements of in vivo chlorophyll fluorescence were recorded every 5 min, starting on Day 4 of the experiment using an aquatic version of the Monitoring-PAM fluorometer, hereafter referred to as Moni-PAM. A general technical description of the Moni-PAM system and its operation under field conditions is given in Porcar-Castell et al. (2008) . The operating modes of the aquatic and terrestrial versions are similar, although external materials, connectors, and some calibration protocols allow the aquatic version to operate underwater. Our measuring system con- A Moni-head emitter-detector (black tubes on the right) is used in each vessel. Treatments consisted of 2 levels of pCO 2 , i.e. unenriched air (low carbon, LC, 380 ppm) and air enriched with CO 2 (high carbon, HC, 700 ppm), and 2 different nitrate pulsed concentrations, i.e. high nitrate (HN, 50 µM) and low nitrate (LN, 5 µM), in the fol lowing combinations: LCLN, LCHN, HCLN and HCHN. (B) Moni-head emitter-detector unit beside the sample holder containing an U. igida disc inside the mesh box. The white laminar area conducts the reflected light to the incident irradiance (E PAR ) sensor located inside the Moni-head sisted of 4 emitter-detector units (Moni-head/485) connected to a data acquisition system (Moni-DA) by 10 m long cables.
During the night, F v /F m was determined every 5 min, where F v = F m − F 0 ; F m is the maximal fluorescence after a saturation pulse and F 0 is the basal fluorescence of fully oxidized reaction centers. In order to avoid excitation of chlorophyll by repetitive pulses of the measuring light, the light was switched off between measurements (each 5 min) but automatically switched on a few seconds before each satu rating-pulse analysis using the batch file feature of the WinControl-3 software. In a previous experiment, it had been demonstrated that 5 min of darkness is enough to reach full oxidation of reaction centers since no significant differences in the F v /F m values were ob served compared to 15 or 30 min dark incubation (data not shown). Thus during the night, true F 0 and F m were measured using 5 min dark periods between measurements.
During the light period, ΔF/F m ' was determined every 5 min, where ΔF = F m ' − F t ; F m ' is the maximum fluorescence yield of an illuminated sample and F t is the instantaneous fluorescence of illuminated algae measured briefly before application of a saturation pulse. Values of F m ' were recorded after applying saturating pulses provided by blue light-emitting diodes (LEDs). The same blue LED emits actinic and saturating flashes as well as measuring light; the LED emission maximum and full width at half maximum is 455 nm and 18 nm, respectively. The intensity of the measuring light to determine F 0 and F t was 0.9 µmol photons m −2 s −1 and 9 µmol photons m −2 s −1 at F m , and the intensity of saturating pulses was 4000 µmol photons m −2 s −1 . The relative electron transport rate through PSII (rETR), expressed as µmol electrons m −2 s −1 was determined as follows:
where E PAR is the incident irradiance of photosynthetically active radiation (PAR, from 400 to 700 nm) expressed in µmol photons m −2 s −1
. The irradiance was monitored by using a PAR quantum sensor in serted in the Moni-PAM fluorometer. This sensor measures the radiation reflected by a 1.3 × 0.7 cm area of an optically diffuse Teflon sheet mounted at the edge of the leaf clip (Fig. 1B) . Daily irradiance data under LCLN and HCLN treatments are presented.
The photosynthetic parameters maximal relative elec tron transport rate (rETR max ), saturated irradiance (E k ) and photosynthetic efficiency (α ETR ) were calculated by exponential fitting of the function rETR versus irradiance according to Webb et al. (1974) .
The relationship between ΔF/F m ' and E PAR was analysed separately for the morning and afternoon periods by fitting ΔF/F m ' versus E PAR curves to an exponential decay function following Ritchie (2008) :
where ΔF/F m ' max is the effective quantum yield at theoretical zero irradiance, k is a constant and E PAR is the irradiance.
Statistical analyses
To allow for statistical evaluation, data from the first and second experimental days (19 and 20 September) were considered as replicates of the ambient temperature condition, and the data from the third and fourth experimental days (21 and 22 September) were considered as replicates of the increased temperature (+ 4°C). Data were treated as 2 replicates (n = 2); subsequently, a 2-way ANOVA was applied using SPSS v.21 software (IBM), with temperature (with or without the 4°C increment), and treatments (LCLN, LCHN, HCLN, and HCHN) as factors. The following dependent variables were evaluated: rETR integrals, rETR max , α ETR , E k ; with respect to daily yield variation, ΔF/F m ' max and the constant k were considered in the morning and afternoon periods separately. Student-Newman-Keuls tests (SNK) were performed after significant (p < 0.05) ANOVA interactions (Underwood 1997) . If no interaction be tween 2 factors were found, the data were pooled and the significance of the new combination of data was evaluated (Martínez et al. 2012) . The effect of treatment on the nightly decrease of F v /F m was evaluated using a test that compared simple linear regression equations (Zar 2009 ). To analyze the multivariate response of photosynthetic variables to the different experimental conditions, we performed 2 redundancy analyses (RDA), the canonical form of the Principal Component Analyses, on the matrix of diurnal and nocturnal measurements. As photosynthesis variables, we considered F m ', F t , ΔF/F m ' and rETR for the diurnal measurements, and F m , F 0 and F v /F m for the night. As environmental variables, we considered temperature measured in the tanks, time of day (in h:min), PAR radiation, and nitrate and CO 2 concentration as dummy variables (low, high). The relative contribution of each variable to the ordination was evaluated with a Monte Carlo permutation test. All matrixes were previously square root transformed. Ordinations were performed using CANOCO v.4.1 software (Leps & Smilauer 2003) .
RESULTS
During the first day of measurements, the incident irradiance reaching the algal thalli showed a high variability ( Fig. 2A ) with continuous and rapid changes, in contrast to the irradiance outside the vessels, which revealed a homogeneous pattern (see Stengel et al. 2014) . In addition, the irradiance data also showed differences between treatments throughout the first day. The irradiance reaching the algae sample within each treatment varied slightly according to shaded short episodes produced by algae located on the optically neutral Teflon sheet. Thus, the daily dose of E PAR received by the samples under each carbon and nutrient treatment was not identical ( Fig. 2A ). For example, on the second day (20 September), the samples under the LCLN treatment received the highest daily dose of E PAR while the samples under the HCHN treatment received the lowest daily integrated irradiance (data not shown), whereas on the morning of the last day (22 September), the irradiance under HCLN was higher than that under LCLN ( Fig. 2A) . On this day, the sample that received the highest dose was the sample under HCHN, while the lowest radiation corresponded to the sample under HCLN (data not shown). Temperatures were well controlled and followed the expected variation during the experimental period (Fig. 2B , showing LCLN and HCLN treatments; the other 2 treatments followed the same pattern but are not presented to highlight temperature variation), ensuring that samples were exposed to the 4°C average increment on the last 3 experimental days. The variations of F m ' and F t (light periods) and F m and F 0 (night periods) of LCLN and HCLN are presented in Fig. 3A ,B. Under LCLN and ambient temperature, on the first 2 nights (18) (19) , F m increased from sunset to 22:30 h and then decreased to sunrise, whereas F 0 slightly increased during the night (Fig. 3A) . On the second night (20 September), F m increased from sunset to 23:30 h GMT and then decreased until sunrise (06:03 h GMT). F 0 presented a similar pattern as F m but the slopes of increase and decrease were lower than that of F m . During the light period, F m ' and F t changed in the same manner, with a decrease through the day. F m ' and F t decreased from morning until noon, and then increased in the afternoon and in the early night as described above (Fig. 3A) . In addition, on 19 September a transient in crease of both F m ' and F t was observed on 13:00 h GMT. This transient increase was also observed in the following day, but at 15:00 h GMT. At the increased temperature (+4°C treatment) the values of either F m or F m ' and F 0 or F t were higher than those under ambient temperature (Fig. 3A) . In the beginning of the experiment, the night peak occurred at 19:30 whereas on the next experimental days it occurred before or close to 23:00 h ( de crease until sunrise. On the other hand, in the + 4°C treatment, F m ' and F t changed in the same manner over a short period (i.e. from 15:00 to 17:00 h GMT). At HCLN, only mariginal differences in F m or F m ' and F 0 or F t were observed for the 2 temperature treatments (Fig. 3B) . In contrast to LCLN, the patterns of the maximal F m and F 0 in the night were similar, i.e. a decrease was ob served 2 to 3 h after sunset in all C−N treatments, except for the first 2 nights (18) (19) , when F m de creased and F 0 increased. During the light period, maximal values F m ' and F t appeared about 1 h after sun rise at ambient temperature, where as at + 4°C, maximal values were ob served 3 to 4 h after sunrise. Under the in creased tem perature treat ment, F m ' and F t changed in the same manner from 11:00 h to sunset (about 18:15 h GMT).
Fluorescence parameters under LCHN and ambient temperature presented a similar pattern but with higher F m and F 0 values than that observed under LCLN (Fig. 3C ). Maximal values of F m and F t ap peared 3 to 5 h after sunset under ambient temperature and 2 to 4 h after sunset under + 4°C. At the increased temperature, the F m ' increase was much lower than that under LCLN (Fig. 3A) . The differences between F m and F 0 were much lower than that under LCLN. F m ' and F t are coupled in the light period from 13:00 to 19:00 h under both temperature treatments (Fig. 3C) . Finally, under HCHN treatments the pattern of fluorescence parameters (Fig. 3D ) were similar as under HCLN (Fig. 3B ), but with maximal values 3 to 4 h after sunrise. However, during the + 4°C treatment, values of F m ' and F t were higher than that under HCLN (Fig. 3B,D) . The maximal values of F m and F 0 observed during the night appeared 2.5 h after sunset. F m ' and F t changed in the same manner in the light period from 11:00 h to sunset (18:15 h) (Fig. 3D) . Maximal 
19:00 3:00 11:00 19:00 3:00 11:00 19:00 3:00 11:00 19:00 3:00 11:00 19:00 3:00 values of F m ' and F t under ambient temperature were observed 0.5 to 2 h after sunrise, whereas at + 4°C the maximal values occurred after 3 h (Fig. 3D) . The variation in F v /F m during the night period (Fig. 4) as a consequence of the variation in F m and F 0 can be analyzed as changes in the negative slopes of the function F v /F m versus time (Table 1) . During the night of 18-19 September, the decrease of F v /F m was about 3 times higher under HC than that under LC, regardless of N conditions. During the night of 19-20 September, the decrease of F v /F m was higher under HN treatments (HCHN and LCHN) than under LCLN, followed by HCLN. In the following night (20-21 September) under increased temperature, the slopes of decrease in F v /F m were greater than those during the previous night, except for LCLN (Table 1 ). This decrease was higher again under HN (LCHN followed by HCHN) than in the LN treatments. During the second night after the temperature increase (21-22 September), the slopes of decrease in F v /F m were lower than during the previous night. In addition, on 21-22 September, the largest decrease was observed under LCLN, followed by HCLN and HCHN, and the smallest decrease oc curred under LCHN. During the last night under increased temperature (22-23 September), again, the steeper slopes were observed under the LN treatment but also under HCHN, and again, the smallest decrease occurred under LCHN.
The ΔF/F m ' presented a typical daily pattern, with a decrease from the morning to about noon, followed by an increase until sunset. Interestingly, ΔF/F m ' presented a transient increase in the morning, about 1 to 3 h after sunrise. During the night, F v /F m also presented a transient increase about 1 to 3 h after sunset. For most of the experimental period, ΔF/F m ' was higher under the LCLN than the HCLN treatment (Fig. 4A) . On the other hand, ΔF/F m ' was slightly higher under LCHN than that under HCHN (Fig. 4B) . However, according to the curve-fitted parameters and statistical analysis (ANOVA), the morning values of ΔF/F m ' max were not significantly different, either for temperature or C and N treatments (Table 2) , whereas in the afternoon, ΔF/F m ' max values were significantly (p < 0.05) affected by C and N but not by temperature ( Table 2 ). The afternoon, values of ΔF/F m ' max were pooled with the factor which could have signifi cant results (i.e. C and N treatments) ( Table 2) . Maxi mal values of ΔF/F m ' were significantly (p < 0.05) lower under HCLN than under the other C−N treatments (Fig. 5A,B) . On the other hand, the slope of the function ΔF/F m ' versus irradiance (k) from the morning to noon was not affected by temperature or C and N treatments (Table 2) . However, the slope (k) in the afternoon was significantly affected by the temperature treatments (Table 2) . Thus, the k data in the afternoon are pooled following the factor which could have significant results (i.e. temperature). k was significantly (p < 0.05) higher at ambient than at + 4°C (Fig. 5C,D) . The rETR also exhibited a strong diurnal pattern under all experimental conditions (Fig. 6 ) and displayed differences between treatments. The lowest rETR values in all treatments were observed in the first day (19 September) with a clear depletion around noon (Fig. 6A,B) . During the next days (20 and 21 September), an increase in rETR was observed under LCLN and HCLN (Fig. 6A) , mainly on 21 September (LCLN), with oscillations re lated to the decrease in irradiance due to cloud cover. These oscillations in rETR were also observed in the LCHN and HCHN treatments (Fig. 6B) . Maximal values of rETR were reached around 14:00 to 15:00 h GMT.
The integrated rETR in the different C−N treatments did not reveal significant differences between the 2 temperature treatments (Table 2) . Integrated rETR was higher under the LC and increased temperature treatments (mainly under LCHN), but due to the high variability between days, no significant differences could be detected (Table 2) .
In order to determine the photosynthetic parameters, rETR values were plotted against irradiance. To simplify the presentation of the results, only the figures of LCLN and HCLN under the 2 temperature treatments are shown (Fig. 7) . Typical photosynthetic curves were ob served with more dispersion of data under ambient temperature (Fig. 7A,C) than under + 4°C temperature (Fig. 7B,D) . rETR max was higher under + 4°C than under ambient temperature mainly in the LC treatments (Table 3) although these were not significant due to the high variability of the data ( Fig. 1 for description of treatment conditions). Significant values (at p < 0.05) are in bold. n = 2 α ETR , whereas for increased temperature this was observed for HCLN but values were not significantly different (Table 2) . Finally, E k was higher in LC (both N treatments) and HCLN treatments at + 4°C than at ambient temperature, but again, the differences were not significant due to the high variability. The RDA performed on the photosynthesis and environmental data matrix confirms that PAR through the day was the main variable determining the photosynthetic response of the algae (Fig. 8) . The first 2 axes account for 38.5% of the total variance of the photosynthetic variables and 100% of the photosynthetic variables−environment relationship. The first axis alone explains 37.5% of the total variance of the photosynthetic variables and 97.2% of the photosynthetic variables−environment relationship, and ordinates the samples according to their values in rETR in the positive part, as a response to high values of PAR (p = 0.002), and high values of ΔF/F m ', F m ' and F t to a lesser extent, in the negative part, linked to low PAR irradiance. The effect of nutrient concentration (mainly carbon) and experimental increase of temperature on the photosynthetic response of algae was low but significant (temperature: p = 0.01; C: p = 0.006) and it is recorded through the second axis. It represents only 1.2% of the total variance of the photosynthetic variables and 3.1% of the photosynthetic variables−environment relationship. The positive part of this axis is determined by temperature, mainly associated with the experimental increase of (Ritchie 2008) . These values were calculated from algae submitted to 2 conditions of CO 2 supply and 2 different nitrate pulsed concentrations (see Fig. 1 for description of treatment conditions) under ambient temperature for 2 d (19 and 20 September 2012). After this period, temperature was increased (+ 4°C) under the same carbon and nitrate treatments for another 2 d (21 and 22 September 2012). These panels represent only conditions where significant factor effects were detected (see Table 2 ). Bars are means ± SE; different letters indicate statistically significant (p < 0.05) differences. 4°C. Higher nitrogen concentrations also affected the positive part of this axis, but this was not significant (p = 0.1). The increase in temperature was associated mainly with an increase in rETR, a very small increase in F t and a slight decrease in ΔF/F m '. The negative impact was determined by high C concentrations with a small influence on photosynthetic variables. The effect of increased temperature must be considered with caution, as in the experimental conditions this was also associated with changes in PAR (particularly at noon). During the night, the effect of nutrient availability was important (Fig. 9) . The first 2 axes of the RDA accounted for 20.7% of the total variance of the photosynthetic variables, and 100% of the relationship between photosynthetic variables and the environment. The first axis alone explained 20.6% of the total variance of the photosynthetic variables, and 99.6% of the photosynthetic variable−environment relationship. The positive part of this axis was associated with the highest values of all photosynthetic variables measured (F m , F 0 and F v /F m ). This axis was strongly linked with nutrient concentrations -with high N concentrations in the positive part and high C concentrations on the negative side (p = 0.005 in both cases). Temperature also had a significant influence on this axis (p = 0.005), separating the samples of the + 4°C from the ambient temperatures in all nutrient treatments. PAR, which is also associated with this axis, was not significant (p = 0.56). Both low C concentrations (mainly when N was high) and increased temperature resulted in increases in F m , F 0 and F v /F m , while high C concentrations tended to reduce them.
The second axis was associated with both temperature and time of day, separating the samples of the early night from the rest, and measurements at + 4°C from those at ambient temperatures; however, time of day was not significant (p = 0.19). Increasing temperature tended to slightly increase F v /F m and decrease F 0 .
DISCUSSION
The application of the Moni-PAM allowed for continuous monitoring of the instantaneous values of E PAR , F m ' and F t for the calculation of ΔF/F m ' during the light periods, and F m and F 0 for the calculation of F v /F m during the dark, at high temporal resolution under experimental, outdoor conditions. In addition, simultaneous measurements of irradiance allowed the calculation of rETR.
The observations in a previous experiment that F v /F m was not significantly different after 5 min of dark incubation from that measured after 15 or 30 min supports the idea that F v /F m was correctly measured during darkness. Ihnken et al. (2010) found significant differences in Ulva sp. on rETR and ΔF/F m ' in the light after previous dark incubations of 15 compared to 95 min, which was similar to observations of different brown algae made by Nitschke et al. (2012) . We were not able to determine F v /F m during the light period since no dark incubation could be applied. Runcie et al. (2009) Table 3 . Photosynthetic parameters fitted from daily curves of relative electron transport rates (rETR) versus irradiance, applying the Webb et al. (1974) . α ETR represents photosynthetic efficiency. Statistical analyses are presented in Table 2 . Data are presented as means ± SE; n = 2, where each experimental day under the above described conditions was considered as a replicate the tropical seagrass Halophila stipulacea, regardless of the depth of the plant incubation (8, 12 or 33 m). The physiological patterns observed in this study are discussed separately for the light and dark periods.
During the light periods
The effective quantum yield in the afternoon was significantly lower in HCLN compared to other treatments as also observed in studies using other fluorometers in similar experiments (in situ Diving-PAM, Stengel et al. 2014; PAM-2000 in the laboratory, Figueroa et al. 2014) . Decreases in growth rate, maximal photo synthetic activity (as oxygen evolution), and nitrate reductase activity have been previously reported in U. rigida subjected to high CO 2 and low nitrate availability (Gordillo et al. 2001) , as in this study under HCLN treatment. This was explained by a drastic decrease in absorptance due to the reduction of chlorophyll, and by increases in non-photochemical quenching and the excretion of dissolved organic carbon as energy dissipation mechanisms due to an imbalance of the C:N ratio (Gordillo et al. 2003) . Although U. rigida is known to be carbon-saturated at current CO 2 concentrations (Mercado et al. 1998) , it possesses a carbon-concentrating mechanism (CCM), a high affinity to take up CO 2 (Giordano et al. 2005 , Raven et al. 2008 and an efficient mechanism to incorporate bicarbonate (Axelsson et al. 1995) at high pH, as occurred under LC treatments in the present study (see Stengel et al. 2014 ). U. lactuca was able to modify the seawater carbonate system via photosynthetic activity, and under pCO 2 of 280 ppm (preindustrial level), carbon acquisition was dependent on HCO 3 − uptake via an anion-exchanger (AE-state), the state with the highest affinity for HCO 3 − (Axelsson et al. 1995) . In addition, the biomass of this species in- Fig. 1 for description of treatment conditions); (C) Time of day in 1 h intervals (except early morning, with 2 h intervals); (D) plot of the environmental variables on the ordination axes. PAR: photosynthetically active radiation. Fluorescence parameters (see Fig. 3 for F m and F t ) -ΔF/F m ': effective quantum yield; rETR: relative electron transport rate creased under the future scenario of in creased CO 2 in rocky pools (Olischläger et al. 2013) . In that study, the experimental design simulated the conditions of rocky pools since the algae were confined to a small volume, and the pH was increased due to photosynthetic activity (see Stengel et al. 2014) . This is contrary to the general idea that macroalgae which have CCMs would be less sensitive to the predicted CO 2 level increases (Mercado 2008 , Hepburn et al. 2011 . The slope of the decrease of effective quantum yield in the afternoon (k) can provide information on reversible adjustments of PSII to incident irradiance throughout the day, including short-time variations (for instance, temporary shading by clouds). Some differences between treatments on irradiance acclimation of PSII processes could be detected from the analysis of the ΔF/F m ' versus irradiance curves, both for the morning and afternoon measurements. In our study, k was higher under ambient temperature than under the + 4°C treatment. A potential explanation for this observation could be that the temperature increase lead to an enhanced enzymatic reaction related to carbon or nitrogen assimilation as electron sinks (Pastenes & Horton 1996 , Nishihara et al. 2005 , hence causing a decrease in effective quantum yield as a consequence of the closure or reduction of reaction centers.
F m ' and F t changes in the early morning produced transient increases in the effective quantum yields between 08:00 and 09:00 h (about 2 to 3 h after sunrise). These were followed by a drastic decrease in ΔF/F m ' due to increasing irradiance and the increase in energy dissipation as previously described for macro algae (Enríquez & Borowitzka 2011) . Such transient increases have been observed during in situ measurements in a terrestrial plant, Pinus silvestris (Porcar-Castell et al. 2008) and in the marine angiosperm Halophila stipulacea (Runcie et al. 2009 ). 
Axis 1 The daily addition of 50 µM nitrate caused an increase in photosynthetic production compared to incubation under 5 µM. This is in agreement with the use of nitrate by this nitrophilic species, increasing the use of it as a sink of electrons due to the demand of ATP and NADPH for nitrate reduction to amino acids and proteins. The susceptibility to N availability has been reported both at photosynthetic and biochemical levels in U. rigida (Cabello-Pasini & Figueroa 2005 , Figueroa et al. 2014 . These data seem to indicate that a higher nitrate availability would be related not only to a slower decrease in energy efficiency throughout the morning but also to a greater capacity to process the energy available throughout the day, while CO 2 did not have an impact. A lower photo synthetic capacity, measured as ETR, and an early establishment of energy dissipation processes have already been documented for this species growing in the laboratory under Nlimited conditions (Gordillo et al. 2003 , CabelloPasini & Figueroa 2005 . N-limitation affects different processes, such as photosynthetic capacity (Pérez-Lloréns et al. 1996) and photoprotection mechanisms (Korbee et al. 2005 , Huo vinen et al. 2006 , but also induces changes in some cellular components, such as chlorophyll (Cabello-Pasini & Figueroa 2005) , proteins (Henley et al. 1991 , Vergara et al. 1995 , and carbohydrates (Marek et al. 1995) .
Over the diurnal cycle, F t and F m ' provided information on the functioning of the rapid acclimation processes of energy partitioning in PSII. The term 'photosynthetic control' describes the short-and long-term mechanisms that regulate reactions in the photosynthetic electron transport (PET) chain so that the rate of production of ATP and NADPH is coordinated with the rate of their utilization in metabolism. At low irradiances, these mechanisms serve to optimize light use efficiency, while at high irradiances they operate to dissipate excess excitation energy as heat (Foyer et al. 2012) . Porcar-Castell et al. (2008) observed that during the cold days in winter, F t began to increase immediately after sunrise while F m ' started to decrease about 45 min later. A certain delay between F m ' and F t was also observed on 18 and 19 September and on 21 September 2012 under HCLN conditions. This phenomenon was explained as consistent with the assumption that the F t increase corresponds to a reduction of the electron transport chain at sunrise when low temperatures retard the use of ATP and NADPH by the Calvin cycle (Porcar-Castell et al. 2008) . As in our study, F m ' and F t were generally coupled. As observed by Porcar-Castell et al. (2008) , 3 general stages could be distinguished in the di urnal variations of F m ' and F t : firstly, after sunrise F m ' decreased and F t increased, suggesting in creasing heat dissipation together with saturation of the electron transport chain; secondly, during the day both F m ' and F t changed in a similar manner, indicating the rapid adjustment in non-photochemical quenching to fluctuations in the light environment. C, N and temperature affected the time course of this coupling. Under ambient temperature, it was maintained for 11 of the 12 h light cycle. At increased temperature, the coupling was more variable, i.e. under LCLN, F m ' and F t were coupled for only 4 of the 12 h light period whereas under HCLN and LCHN, it occurred for 7 h and under HCHN, for 11 h. This provides further evidence for the combined effects of C−N and temperature on fluorescence parameters. Thirdly, before sunset, F m ' increased and F t increased to a lesser extent; this may be related to a relaxation of nonphotochemical en ergy dissipation and re-oxidation of the electron transport chain. This pattern was also evident in pine leaves (Porcar-Castell et al. 2008) , although in U. rigida this F m ' increase occurred several hours after sunset (2 to 5 h, depending on treatment).
In the present study, the expression of rETR did not allow an estimation of productivity, since this would re quire the measurement of absorptance and the proportion of total light absorbed by photosystem II, which depends on bio-optical characteristics of the species and the light history (Johnsen & Sakshaug 2007) . Absorptance was determined throughout the day in an experiment with floating thalli (Figueroa et al. 2014 ) and these data can thus not be used here as the algal thallus in the Moni-PAM was in a fixed position (Fig. 1) and the absorptance would be ex pected to differ. Absorptance in Ulva species is af fected by temperature and light conditions (Figueroa et al. , 2009 ).
During night periods
Maximal values of F v /F m were observed at certain times after sunset, depending on C−N and temperature treatments. Under LCLN and HCHN and ambient temperature, maximal values of F v /F m were observed about 1 to 1.5 h after sunset, whereas at + 4°C, maximal values were observed after 1.5 to 2.5 h. On the other hand, under HCLN no effect of temperature was observed on the time course of F v /F m . The earlier maximal F v /F m values under increased temperature could be related to faster repair processes and recovery after photoinhibition (Nishiyama et al. 2006 ).
The negative slope of nighttime decrease in F v /F m was affected by the C−N treatments. Slopes were greater under HN than under LN treatments at ambient temperature. However, during the last 2 nights under increased temperature, the negative slope of F v /F m decrease was higher in LN treatments and under HCHN than under LCHN. The decrease of photosynthetic yield during the night has pre viously been attributed to photoinhibitory effects of saturating light pulses (Flexas et al. 2000) . To alleviate the side effects of saturating pulses, Porcar-Castell et al.(2008) increased the interval between pulses from 5 to 10 min, but nighttime depression of F v /F m was still occasionally observed in cold nights. Thus, Porcar-Castell et al. (2008) recommended de creasing the frequency of saturating pulses during cold nights even further (e.g. every hour), and during daytime, carry out measurements at higher frequencies (e.g. every 5 to 10 min). The latter regime of data collection would still permit long-and short-term adjustments in PSII to be followed. This re-emphasizes the importance of maintaining a constant area of algal thalli under examination to draw accurate conclusions on the true fluorescence levels.
The different time courses of F m and F 0 at night and F m ' and F t in the light by the treatments can be interpreted as the effect of C−N and temperature on the redox state and the relaxation of non-photochemical quenching and energy dissipation. The transient high values of F v /F m 1 to 3 h after dawn and of ΔF/F m ' 1 to 3 h after dusk can be an indication of the reported activation by light of the enzyme activities related to CO 2 (Maheshwari et al. 1992 ) and nitrogen meta bolism through oxido-reduction processes mediated by ferredoxin/thioredoxin (Foyer et al. 2012) or by blue-light photoreceptors (Azuara & Aparicio 1985 , Rüdiger & López-Figueroa 1992 . In vascular plants, changes after dawn and dusk have been related to diurnal patterns of photosynthetic gene expression and are fundamentally controlled by circadian clock regulators with input from non-photosynthetic photoreceptors (Maet al. 2001 , Ghassemian et al. 2006 . Diurnal variations regulated by non-photosynthetic photoreceptors on pigment accumulation and N metabolism have been reported in U. rigida (López-Figueroa & Rüdiger 1991 , Figueroa & Viñegla 2001 . The decrease of ΔF/F m ' that we observed was always followed by its increment and recovery at the end of the daily light period for samples at ambient temperature, despite a lower capacity of energy dissipation. This might suggest a reduction of the fraction of the incident energy absorbed, possibly as a consequence of photoprotection of the PSII reaction centers due to a decrease in antenna size (Gordillo et al. 2003) . Consistent with this idea, a decrease in chlorophyll a was observed under HC, which was higher under a low nitrate supply (see Stengel et al. 2014 ). Although our data followed the same daily pattern as those obtained using a Diving-PAM with sampling intervals of 3 h (see Stengel et al. 2014) , the values of ΔF/F m ' for identical time periods were always lower in the case of Moni-PAM; it is therefore possible that a decrease in ΔF/F m ' similar to that described for the night could have taken place during the light period. In our study, the thalli in the Moni-PAM were in a fixed position, receiving a higher dosage of solar radiation than free floating macroalgae moving within tanks, thus presenting canopy conditions. On the other hand, rETR max under outdoor conditions determined by Moni-PAM ranged from 49 to 133 µmol e − m −2 s −1 whereas rETR max values obtained in the laboratory by using a PAM 2000 fluorometer, illuminating samples with artificial light from a halogen lamp, were slightly lower (20 to 120 µmol e − m −2 s −1
). Longstaff et al. (2002) also showed that in situ ETR max in U. lactuca de termined with solar irradiance in a daily cycle was higher than ETR max obtained using artificial light.
Relationship between physical−chemical and physiological variables
The multivariate RDA analysis showed the important role of PAR irradiance. rETR is the positive part in response to high values of PAR whereas high values of ΔF/F m ', F m ' and (to a lesser extent) F t are linked to low PAR irradiance. The effect of CO 2 treatment and experimental increase of temperature on the photosynthetic response of algae is low but significant (as recorded through the second axis). The temperature increase of 4°C increased rETR as it has been shown in ETR max in the same experiment by using a PAM 2000 fluorometer (Figueroa et al. 2014 ). The RDA axes in the nights show that the first axis is associated with the highest values of all the measured photosynthetic variables (F m , F 0 and F v /F m ). Interestingly, this axis is strongly associated with the C and N treatments, albeit with opposite effects. Reverse responses of carbon and nitrogen metabolism have been shown in measurements of carbonic anhydrase and nitrate reductase activities during daily cycles in U. rigida (Figueroa & Viñegla 2001) . Both low C concentrations (mainly when N was high) and higher temperature increased F m , F 0 and F v /F m , while high C concentration (simulation of OA) tended to reduce them. The 'slow phase' of the fluorescence induction curve represents an induction of Calvin cycle enzyme activity and its subsequent interaction with the electron transport chain (via NADPH) and photochemical and non-photochemical quenching (Krause & Weis 1984) . The decline from M to T in the Kautsky fluorescence induction curve is generally recognized as a reflection of activation of the CalvinBenson cycle enzymes (Govindjee 1995) . The resulting increase in CO 2 fixation rate and NADPH reoxidation has a flow-through effect back up the photo synthetic electron transport chain, yielding a higher photochemical quenching (Renger & Schreiber 1986) . The decrease of F v /F m during the night could also be related to chlororespiration. Chlororespiration, in contrast to photorespiration, only occurs in the dark, and at very low irradiances when the photosynthetic machinery is not operative (Peltier & Cournac 2002) . It has been proposed as a mechanism to maintain ATP syntheses in the active state in the dark, acting as a sink of photo syn thetically generated reducing equivalent NAD(P)H (Beardall et al. 2003) .
In conclusion, our data suggest that OA (i.e. our HC treatment) under the low nitrate conditions of the Mediterranean (LN treatment) could produce a de crease in the photosynthetic yield of U. rigida, whereas an increase in temperature could slow the decrease of ΔF/F m ' in the afternoon. Thus, the negative effects of OA and oligotrophication expected in the area within this century (Mercado et al. 2012) could be mitigated by the expected increase in temperature. Data with high temporal resolution such as that provided by the Moni-PAM data are scarce for plants, and this is the first study presenting data for a macroalga. As demonstrated here, such measurements are particularly useful when attempting to obtain accurate time-integrated data, such as integrated rETR or the relation of rETR versus irradiance during a complete daily cycle. Furthermore, continuous recordings of fluorescence parameters (including nighttime) have revealed important information re garding transient physiological processes in PSII that are difficult to observe. Additionally, observations of nighttime processes are rare for vascular plants and to our knowledge so far not previously reported for seaweeds; our results show that important dynamics occur that vary according to environmental conditions. 
